Introduction {#Sec1}
============

The P-type ATP-hydrolyzing enzyme Na/K-ATPase (EC 3.6.3.9) is an integral membrane protein that was first discovered by Jens C. Skou^[@CR1]^. The Na/K-ATPase was first recognized as the primary ion transporter to maintain the electrochemical sodium gradient across cell membrane by using an ATP/ADP-dependent phosphorylation/dephosphorylation process that causes conformational changes in two states of the enzyme, E1(P) and E2(P). In the last two decades, the Na/K-ATPase was also recognized as a receptor, signal transducer, and scaffolding protein through multiple protein-protein interactions^[@CR2]--[@CR10]^. Binding of ouabain (one of the cardiotonic steroids) to the Na/K-ATPase α1 subunit or increasing of reactive oxygen species (ROS) initiate signaling pathways. This leads to increases in oxidative modification of the α1 subunit and intracellular calcium concentration, and other effects. Receptors, signaling molecules, cytosolic proteins, and membrane structural proteins can interact with the α1 subunit through multiple structural binding motifs found in the α1 subunit^[@CR10],[@CR11]^. These include, but are not limited to, c-Src, epidermal growth factor receptor (EGFR), phospholipase C (PLC), phosphoinositide 3-kinases (PI3K), inositol trisphosphate receptor (IP3Rs), ankyrin, adducin, and caveolin-1 (cav-1). The Na/K-ATPase signaling pathways have been demonstrated in different type of cells and animal models^[@CR12]--[@CR15]^.

In recent years, there are different proposed "working" models which explain the mechanisms underlying the activation of the Na/K-ATPase signaling function. The first model is the direct interaction of the α1 subunit with c-Src, which forms a functional Na/K-ATPase/c-Src signaling receptor complex in caveolae^[@CR8],[@CR16]^. In this model (Model-1, proposed by Dr. Xie's group), the α1 subunit provides the ligand binding sites, the α1-associated c-Src provides the kinase moiety, and the cav-1 functions as an anchor to enrich the signaling partners in caveolae. A second model (Model-2, proposed by Dr. Karlish's group) proposes that c-Src only transiently interacts with a protein complex formed between the α1 subunit and cav-1^[@CR17]^. A third model is that c-Src activation is primarily a consequence of an ATP-sparing effect, depending on ATP/ADP ratio, without interaction between the α1 subunit and c-Src^[@CR18],[@CR19]^ (proposed by Dr. Koenderink's group). This third model will not be discussed since the protein-protein interaction is the focus in present study. However, a common charateristic in these models is that the E2(P) conformational state of the Na/K-ATPase is favored and stablized by Na/K-ATPase inhibitors (ouabain, vanadate, oligomycin etc.) and energy status (ATP/ADP ratio). Though the dynamic conformational changes can affect the formation of the signaling complex, it is quite clear that c-Src activation is one of the most proximal steps in the Na/K-ATPase signaling since the Na/K-ATPase itself lacks tyrosine kinase activity. The discrepancies between Model-1 and Model-2 could be attributed to the diferent experimental designs and conditions, since the interaction of the α1 subunit with c-Src or cav-1 might also require other protein(s) that are not present in some experimental conditions as suggested in^[@CR17]^.

The Na/K-ATPase has emerged as a therapeutic target for different pathological states, largely based on its signaling axis \[reviewed in^[@CR2],[@CR20]--[@CR27]^\]. Even though there are plausible reasoning for each "working" model, it is imperative to better understand the underlying mechanisms in live cells under native resting condition.

Results {#Sec2}
=======

Depletion of cav-1, but not Src kinase family, increased ion-transport activity of the Na/K-ATPase {#Sec3}
--------------------------------------------------------------------------------------------------

It has been shown that depletion of either cholesterol by methyl β-cyclodextrin (Mβ-CD) or cav-1 moves the α1 subunit and c-Src out of caveolae, which leads to significantly reduced interactions amongst the α1 subunit, c-Src, and cav-1, as well as ouabain-stimulated Na/K-ATPase signaling^[@CR16]^. For the Model-1, the bindings of c-Src SH2 and KD domains to the α1 CD2 and ND1 segments to form a signaling complex have been demonstrated^[@CR8]^. However, there are very interesting questions arguing the accessibility and fitting of c-Src, as a whole 60 kDa molecule, into the α1 subunit under native condition^[@CR18],[@CR28]^. Even though there is no clear answer, a functional analysis of ouabain-sensitive ^86^Rb^+^ uptake should shed light on the possibilities. To do so, cells were pretreated with agent's vehicle (as control), or with 10 mM Mβ-CD for 30 min at 37 °C. As shown in Fig. [1](#Fig1){ref-type="fig"}, Mβ-CD treatment increased ouabain-sensitive ^86^Rb^+^ uptake in LLC-PK1 but not in cav-1-knockdown C2-9 cells, which supports the observation that cav-1 depletion can move the α1 subunit and c-Src from the caveolae-resided "signaling" pool to an "ion-pumping" pool, leading to increase in ion-transport activity and reduction of signaling^[@CR16],[@CR29]^. However, Mβ-CD treatment increased ^86^Rb^+^ uptake in both SYF + c-Src and SYF cells. The data suggested that Mβ-CD-mediated increase in ion-transport activity is in a cav-1-dependent, but c-Src-independent manner.Figure 1The effect of Mβ-CD on ouabain-sensitive Na/K-ATPase ion-transport activity (^86^Rb^+^ uptake) and characteristics in different cell types: Before initiation of ^86^Rb^+^ uptake, cells were pretreated with 10 mM of Mβ-CD for 30 min at 37 °C. The ^86^Rb^+^ uptake was calibrated with protein content. Data were expressed as the percentage of control ouabain-sensitive ^86^Rb^+^ uptake (Mean ± SD). n = 8--12 independent experiments (each performed in triplicate) for each cell type. **(a)** LLC-PK1, n = 9. **(b)** C2-9, n = 8. **(c)** SYF + c-Src, n = 12. **(d)** SYF, n = 8. \*\**p* \< 0.001 *vs*. control (CTL). Comparison of cell surface Na/K-ATPase α1 subunit by cell surface biotinylation (**e**) and protein carbonylation (**f**) between LLC-PK1 and C2-9 cells, and between SYF and SYF + c-Src cells. Data were presented as Mean±SD, n = 3. \*\**p* \< 0.05 *vs*. LLC-PK1 or SYF + c-Src cells.

In comparison with LLC-PK1 cells, C2-9 cells showed lower abundance of the Na/K-ATPase α1 subunit on cell surface (\~36% reduction), with similar protein carbonylation level and cellular ATP level (29.09 ± 1.56 nM ATP/mg protein, vs. 28.30 ± 1.73 nM ATP/mg protein in LLC-PK1 cells, n = 6). Since the "signaling" pool was still present when the α1 subunit was reduced to \~50%^[@CR16],[@CR29]^, it is reasonable to assume that it is depletion of cav-1, but not reduction of α1 subunit alone, will affect the signaling function in C2-9 cells. This is further supported by the observation that P-11 cells (expressing mock vector) had similar cell surface α1 subunit as seen in C2-9 cells (expressing cav-1 siRNA vector), and ouabain can stimulate the signaling and endocytosis of the α1 subunit in P-11 cells but not in C2-9 cells^[@CR30]^. SYF and SYF + c-Src cells were developed from mouse embryo fibroblasts. Both cell lines are viable but SYF cells showed reduced mobility and deficiencies in signaling and embryogenesis^[@CR31]^. In comparison with SYF + c-Src cells, SYF cells showed similar abundance of cell surface α1 subunit, with significant lower protein carbonylation level and cellular ATP level (15.05 ± 1.66 vs. 32.180 ± 2.80 nM ATP/mg protein in SYF + c-Src cells). This suggests that c-Src is crucial in ouabain-stimulated Na/K-ATPase signaling since ouabain can activate the signaling in SYF + c-Src cells but not in SYF cells^[@CR16]^.

Validation of crosslinking procedure and capillary immunoblotting analysis with crosslinked samples {#Sec4}
---------------------------------------------------------------------------------------------------

In the initial studies, we use traditional SDS-PAGE to test the efficiency of crosslinker bismaleimidohexane (BMH). Both BMH (spacer arm 13.0 Å) and dithiobismaleimidoethane (DTME) (spacer arm 13.3 Å) are homobifunctional, maleimide crosslinker for conjugation between sulfhydryl groups (-SH) in cysteine residues. While BMH is non-cleavable, DTME contains a disulfide (-S-S-) bond in the middle of its space arm that makes it cleavable with reducing agents such as dithiothreitol (DTT). To test the crosslinking procedure, Porcine renal proximal tubule LLC-PK1 cells were crosslinked with or without BMH. Whole cell lysates were prepared with the Nonidet P-40 lysis buffer (containing 1% Nonidet P-40, 0.25% sodium deoxycholate, 50 mM NaCl, 50 mM HEPES, 10% Glycerol, pH 7.4, and Halt Protease and Phosphatase Inhibitor Cocktail), and then denatured with sample buffer (Bio-Rad, with 100 mM DTT) and applied to 10% SDS-PAGE immunoblotting analysis. In contrast to control samples which showed a single band when immunoblotted for the α1 subunit (\~100 kDa), total c-Src (\~60 kDa), and cav-1 (\~20 kDa), BMH-crosslinked samples showed two bands, in which one was in the same position as seen in control samples, and an additional band appearing at a higher molecular mass, i.e., \~150 kDa for the α1 subunit and c-Src as well as \~40 kDa for cav-1 (Fig. [2a](#Fig2){ref-type="fig"}). These indicated that the crosslinking procedure worked as expected, but only part of the target proteins was crosslinked. Since DTME-crosslinked samples will be cleaved in the presence of DTT, these samples were not included in this validation experiment.Figure 2Validation of crosslinking and capillary immunoblotting analysis of LLC-PK1 cells: (**a**) LLC-PK1 cells were processed with or without BMH crosslinking as described in the Materials and Methods. Whole cell lysates were prepared with Nonidet P-40 lysis buffer, and then processed for traditional immunoblotting analysis under denature condition (heated at 60 °C for 30 min for the α1 subunit, and 95 °C for 5 min for c-Src and cav-1 detection) with SDS-PAGE. 60 µg of total protein per sample was used. After transferring, PVDF membranes were cut below the molecular weight of monomers, i.e., below 75 kDa for the α1 subunit, below 50 kDa for total c-Src, and below 20 kDa for cav-1. ECL was used to develop blots. n = 2--3. **(b)** After crosslinking, whole cell lysates of LLC-PK1 cells were prepared with 1x Native-PAGE sample buffer (with 2% DDM). The lysates (3 μg protein/sample) were treated without or with DTT (final concentration 40 mM) plus SDS (final concentration 1%), and then processed side-by-side on the same 66--440 kDa separation module and immunoblotted with detection module (Wes system, ProteinSimple) for capillary immunoblotting analysis against the α1 subunit, total c-Src, and cav-1. For DTT/SDS treatment, samples were heated at 60 °C for 30 min (for the α1 subunit) or 95 °C for 5 min (for c-Src and cav-1). Lane 1, control with mocking crosslinking process; Lane 2, BMH-crosslinked; and Lane 3, DTME-crosslinked. n = 5.

To explore the possible protein-protein interactions amongst the α1 subunit, c-Src, and cav-1 in live LLC-PK1 cells, whole cell lysates were prepared with NativePAGE sample buffer for capillary immunoblotting analysis (Wes system, ProteinSimple). Control and crosslinked samples were processed with or without DTT/SDS (40 mM and 1%, final concentration, respectively), heated at 60 °C for 30 min for the α1 subunit detection or 95 °C for 5 min for c-Src and cav-1 detection. Figure [2b](#Fig2){ref-type="fig"} (left panel) shows the α1 immunoblotting analysis. Without DTT/SDS treatment, there were multiple bands around 100 kDa (control), 200 kDa, and 350 kDa (molecular weight data was extracted from Compass for SW, ProteinSimple) in both BMH- and DTME-crosslinked samples. When the same samples were treated with DTT/SDS, non-cleavable BMH-crosslinked sample showed a similar pattern as seen in samples without DTT/SDS treatment. On the other hand, in cleavable DTME-crosslinked sample treated with DTT/SDS, the signal density of the 350 kDa band was significantly decreased, accompanying a significant increase in signal densities of 100 kDa and 200 kDa bands. When the same samples were applied for total c-Src (Fig. [2b](#Fig2){ref-type="fig"}, middle panel)) and cav-1 (Fig. [2b](#Fig2){ref-type="fig"}, right panel) analysis, similar redistribution of immunoblotting patterns were observed as seen in the α1 subunit. The data suggested that both BMH and DTME were efficient to crosslink proteins into multiple protein-protein complexes and could be used as a tool for comparison. It is worth noting that the migrations of DTT/SDS-treated samples were slower than the non-DTT/SDS-treated samples. This suggested that DTT/SDS treatment might reduce the disulfide bonds which can cause conformation changes^[@CR32]^. This phenomenon can also be attributed to the changes of protein hydrophobicity^[@CR33]^ and detergent binding^[@CR34]^.

The α1 subunit and c-Src form protein-protein complex under native condition with and without crosslinking {#Sec5}
----------------------------------------------------------------------------------------------------------

Blue Native PAGE (BN-PAGE) analysis is a well-established method to investigate membrane-associated multiple protein complexes under native condition^[@CR35]--[@CR37]^. To eliminate the possible variation between gel running, control and crosslinked samples were run side-by-side in the same BN-PAGE gel. After transferring of proteins, the PVDF membranes were fixed with 8% acetic acid, and then cut into membrane strips to immunoblot for the α1 subunit, c-Src, and cav-1. As shown in Fig. [3a](#Fig3){ref-type="fig"} (for original blots of Fig. [3](#Fig3){ref-type="fig"}, please see Supplementary Information, Fig. [S1](#MOESM1){ref-type="media"}), the control and BMH-crosslinked samples showed immuno-reactivity with the α1 subunit and c-Src just below 480 kDa marker (named as the 480-band since estimation of the exact molecular mass is difficult). In addition, the BMH-crosslinked sample clearly showed an additional and much stronger signal band just below 720 kDa marker (named as the 720-band) when immunoblotted for α1 or c-Src. Interestingly, immunoblotting for cav-1 showed predominantly in the 720-band in control and BMH-crosslinked samples. However, there was no obvious immuno-reactivity in the 480-band even after extensive exposure. This pattern was also observed in control and DTME-crosslinked samples (data not shown). The presence of cav-1 in high molecular homo-oligomers by self-association^[@CR38],[@CR39]^ has been demonstrated in COS-7 cells^[@CR40]^ and ACHN cells^[@CR41]^, in whole cell lysates solubilized with n-dodecyl-β-D-maltoside (DDM). The data indicated that crosslinking with both BMH and DTME was sufficient to form a new protein complex at the 720-band that contains the α1 subunit and c-Src.Figure 3BN-PAGE analysis of LLC-PK1 and C2-9 cells: The α1 subunit and c-Src form protein-protein complex under native condition that is not dependent on cav-1. Crosslinking and preparation of whole cell lysate with Native-PAGE sample buffer were performed as described for BN-PAGE in the Materials and Methods. NativeMark unstained protein standard was located by Ponceau S staining after transferring to PVDF membrane. Control (CTL, with mocking crosslinking process without crosslinkers) and BMH- or DTME-crosslinked samples (25 μg protein/sample) were processed side-by-side and immunoblotted for the α1 subunit, c-Src, and cav-1, respectively. For **(a**,**b)**, the same CTL and crosslinked samples were separated into 3 groups (each group contains one CTL and crosslinked samples and separated by NativeMark protein standard between groups) and run in the same gels. After transferring, the PVDF membrane was cut into the 3 groups and immunoblotted against each antibody individually. **(a)** BN-PAGE analysis of control (CTL) and BMH-crosslinked samples of LLC-PK1 cells**. (b)** BN-PAGE analysis of control (CTL) and BMH-crosslinked samples cav-1 depleted C2-9 cells. **(c)** Each sample (CTL, BMH- and DTME-crosslinked sample) of LLC-PK1 cells was treated with or without DTT/SDS (100 mM DTT with 1% SDS, final concentration, respectively). For DTT/SDS treatment, samples were heated at 60 °C for 30 min (for the α1 subunit) or 95 °C for 5 min (for c-Src and cav-1). FluorChem M imager system (ProteinSimple) was used to detect blot signals. n = 3--4.

The data also argued about the involvement of cav-1 regarding the formed complex in the 480-band. The predominant cav-1 immuno-reactivity in the 720-band in both control and crosslinked samples suggested that most of cav-1 did not form a complex in the 480-band with the α1 subunit/c-Src in native control condition. The predicted molecular weight should be much higher than 720 kDa if the α1 subunit/c-Src complex (the 480-band) crosslinked with cav-1 self-associated homo-oligomers (the 720-band). The absence of cav-1 in the α1 subunit/c-Src complex (the 480-band) was further supported by BN-PAGE analysis of cav-1 knockdown C2-9 cells (Fig. [3b](#Fig3){ref-type="fig"}), in which the α1 subunit and c-Src showed a similar immuno-reactivity pattern in control and BMH-crosslinked samples as seen in LLC-PK1 cells. However, it could not exclude the possibility that the crosslinked complex(s) is beyond the BN-PAGE separation range.

Both the 720-band and 480-band were processed for mass spectrometry analysis, which was searched against a pig database for Na/K-ATPase, c-Src, and cav-1 (Table [1](#Tab1){ref-type="table"}). While the Na/K-ATPase α1 and β1 subunits were present in both the 720-band and 480-band in both control and BMH-crosslinked samples, cav-1 was present in the 720-band but not detectable in the 480-band. Interestingly, while c-Src was detected in the 480-band but not the 720-band in control samples, c-Src was present in both the 720-band and 480-band in BMH-crosslinked samples. The data suggests that the α1 subunit and c-Src are capable to form a complex without cav-1 under native control condition (the 480-band), and BMH-crosslinking might form a new complex containing the α1 subunit, c-Src, and cav-1 (the 720-band).Table 1Mass spectrometry analysis of the 720 kDa and kDa bands of control and BMH-crosslinked samples.Accession NumberAlternate IDCTL-720kDCTL-480kDBMH-720kDBMH-480kDProtein Identification ProbabilityD2WKD6_PIG (+ 2)ATP1A1100%100%100%100%AT1B1_PIGATP1B1100%100%100%100%A0A286ZJQ9_PIG (+1)CAV1100%097%0F1SEK8_PIG (+2)SRC097%100%97%

Cav-1 is not likely crosslinked with the α1/c-Src complex {#Sec6}
---------------------------------------------------------

To further explore the protein complexes at the 480-band and the 720-band, control, BMH- and DTME-crosslinked samples were divided into two equal aliquots. One aliquot was without any treatment, and the other aliquot was treated with DTT/SDS (100 mM/1%, final concentration, respectively) and heated at 60 °C for 30 min (for the α1 detection) or at 95 °C for 5 min (for c-Src and cav-1 detection). As shown in Fig. [3c](#Fig3){ref-type="fig"}, compared to non-DTT/SDS treated samples, DTT/SDS treatment disrupted the α1 subunit/c-Src protein complexes in control and DTME-crosslinked samples, but not in BMH-crosslinked samples. Interestingly, in both BMH- and DTME-crosslinked samples treated with DTT/SDS, the disappearance of cav-1 signal at the 720-band strongly indicated that cav-1 was largely not affected by Cys-Cys crosslinking. This also suggested that even though there might be a protein-protein interaction between cav-1 and the α1 subunit or c-Src, the interaction(s) are not likely through a Cys-Cys interaction since the interaction(s) are sensitive to DTT/SDS treatment. This observation is supported with the reports that cav-1 homo-oligomers were sensitive to boiling heat in the presence of SDS and β-mercaptoethanol^[@CR38],[@CR39]^.

The α1 subunit and c-Src form protein-protein complex under native condition: Two-dimensional (2D) analysis {#Sec7}
-----------------------------------------------------------------------------------------------------------

Since proteins shown at the same molecular weight position could not confirm the interaction by one dimensional Western blotting analysis, the BN-PAGE (as first dimension) and SDS-PAGE (as second dimension) 2D analysis was employed to further identify the α1 subunit, c-Src, and cav-1 in the protein complexes shown in the 480-band and the BMH-crosslinked 720-band. As shown in Fig. [4a](#Fig4){ref-type="fig"} (for original blots of Fig. [4](#Fig4){ref-type="fig"}, please see Supplementary Information, Fig. [S2](#MOESM1){ref-type="media"}), in non-DTT/SDS-pretreated control sample in which contains protein complex, both the α1 subunit and c-Src blotting spots, but not cav-1, were vertically aligned. In contrast, the DTT/SDS-pretreated sample which contained protein monomers, α1, c-Src, and cav-1 signals were moved to the right side (Fig. [4b](#Fig4){ref-type="fig"}). According to the principals of BN-PAGE/SDS-PAGE 2D analysis^[@CR37],[@CR42]^, this indicated that both the α1 and c-Src, but not cav-1, were in the same protein complex under the conditions. In the same 2D analysis with BMH-crosslinked sample (Fig. [4c,d](#Fig4){ref-type="fig"}), the c-Src blotting spot disappeared along with the presence of a strong blotting spot around 100--250 kDa (presented as crosslinked α1 and c-Src) that was not sensitive to DTT/SDS pretreatment. However, the cav-1 blotting spot was still not vertically aligned with the crosslinked α1/c-Src blotting spot (Fig. [4c](#Fig4){ref-type="fig"}) and moved to right with DTT/SDS pretreatment (Fig. [4d](#Fig4){ref-type="fig"}). Again, it is worth noting that the samples, pretreated with or without DTT/SDS, also exhibited different migration rate as shown in both Figs. [2b](#Fig2){ref-type="fig"} and [3c](#Fig3){ref-type="fig"}.Figure 4BN-PAGE/SDS-PAGE 2D gel electrophoresis analysis -- the α1 subunit and c-Src form a protein complex: Preparation of whole cell lysate with Native-PAGE sample buffer were performed as described for BN-PAGE in the Materials and Methods. The experiments were performed as described for BN-PAGE/SDS-PAGE 2D Gel Electrophoresis in the Materials and Methods. Control and BMH-crosslinked samples of LLC-PK1 cells (50 μg/sample) was treated with or without DTT/SDS (100 mM DTT with 1% SDS, final concentration, respectively). For DTT/SDS treatment, samples were heated at 60 °C for 30 min (for the α1 subunit) or 95 °C for 5 min (for c-Src and cav-1). **(a)** Control sample without DTT/SDS pretreatment. **(b)** Control sample with DTT/SDS pretreatment. **(c)** BMH-crosslinked sample without DTT/SDS pretreatment. **(d)** BMH-crosslinked sample with DTT/SDS pretreatment. Please note the vertical alignment of the α1 subunit and c-Src in **(a)** but not in **(b)**, which indicated that both proteins were from the same protein complex. Comparing to control **(a**,**b)**, disappearance of c-Src in **(c)** and **(d)** indicated the crosslinking between the α1 subunit and c-Src. n = 3--4.

Capillary immunoblotting analysis of protein-protein interactions {#Sec8}
-----------------------------------------------------------------

With obvious advantages, a limitation of BN-PAGE is the widespread chemiluminescent signals in immunoblotting analysis which could be from one or multiple complexes. Moreover, in BN-PAGE, it was widely recognized that different conformation with different protein partners affected native folding and antigen presentation of specific proteins, and thus antigen-specific antibody binding and immunoblotting signal. This was seen between control and crosslinked samples (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}), showing much stronger chemiluminescent signals in crosslinked samples. Based on the results from the BN-PAGE, a capillary immunoblotting analysis, a method gives more separation detail, was employed to investigate the role of cav-1 and c-Src in the formation of protein complexes.

To test the feasibility of the method, BMH-crosslinked samples (3 µg/sample) of LLC-PK1 cells were treated with DTT/SDS and processed side-by-side for capillary immunoblotting spectrum analysis, using antibodies against the α1, c-Src, and a mixture of α1 and c-Src (same antibody concentrations as in α1 alone and c-Src alone). As shown in Fig. [5](#Fig5){ref-type="fig"}, a peak (\~434--440 kDa) area immunoblotted with antibody mixture (lower panel) showed a chemiluminescent density that is close to the sum of antibody against the α1 alone (upper panel) and antibody against c-Src (middle panel). There were also two groups of peaks around 200--240 kDa and 340--400 kDa, which could explain the widespread chemiluminescent signals shown in BN-PAGE. Since BMH-crosslinked protein-protein interaction is not sensitive to DTT/SDS treatment, this also suggested that α1 and c-Src are able to form different protein-protein complexes that are of interest for future identification.Figure 5Immunoblotting analysis for the α1 subunit, c-Src, and α1 + c-Src in LLC-PK1 cells by capillary immunoblotting: Preparation of whole cell lysate with Native-PAGE sample buffer were performed as described for BN-PAGE in the Materials and Methods. Same DTT/SDS--treated, BMH-crosslinked samples (3 μg protein/sample) of LLC-PK1 cells were electrophoresed side-by-side on the same 66--440 kDa separation module and immunoblotted with detection module (Wes system, ProteinSimple) with antibodies against the α1 (upper panel), c-Src (middle panel), and α1 + c-Src (lower panel, mixture of the two antibodies with same dilutions for α1 alone and c-Src alone) separately. For DTT/SDS treatment, samples were heated at 60 °C for 30 min (for the α1 subunit and α1 + c-Src) or 95 °C for 5 min (for c-Src). Please note there are multiple peaks. n = 3.

Depletion of Src kinase family altered interaction pattern of the α1 subunit with other proteins {#Sec9}
------------------------------------------------------------------------------------------------

To explore the role of c-Src in the formation of the Na/K-ATPase signaling complex, triple Src kinase (c-Src, Yes, Fyn)-null SYF cells and c-Src rescued SYF cells, SYF + c-Src cells, were used to demonstrate the involvement of c-Src. Whole cell lysates (3 µg/sample) of SYF and SYF + c-Src cells were processed side-by-side to immunoblot for the α1 subunit. In non-DTT/SDS-treated samples, a large portion of "free" α1 monomer (\~100 kDa) in SYF cells was not crosslinked by BMH or DTME, comparing to control sample (Fig. [6a](#Fig6){ref-type="fig"}). In contrast, in SYF + c-Src cells, most of the "free" α1 was crosslinked by BMH or DTME, demonstrated by the disappearance of the "free" α1 in BMH- and DTME-crosslinked samples (Fig. [6b](#Fig6){ref-type="fig"}). In DTT/SDS-treated samples, SYF samples showed obvious "free" α1 monomers in control and crosslinked samples (Fig. [6c](#Fig6){ref-type="fig"}), as seen in non-DTT/SDS-treated samples (Fig. [6a](#Fig6){ref-type="fig"}). However, in SYF + c-Src cells, DTT/SDS-treated BMH-crosslinked sample (Fig. [6d](#Fig6){ref-type="fig"}, middle panel) showed similar distribution pattern as seen in non-DTT/SDS-treated samples (Fig. [6b](#Fig6){ref-type="fig"}, middle panel), but DTT/SDS-treated, DTME-crosslinked sample showed disrupted complex formation, demonstrated by the reappearance of the "free" α1 monomers (Fig. [6d](#Fig6){ref-type="fig"}, lower panel) compared to non-DTT/SDS-treated samples (Fig. [6b](#Fig6){ref-type="fig"}, lower panel). The results indicated the important role of c-Src in the formation of the Na/K-ATPase signaling complex, i.e. the interaction between α1 and c-Src. Interestingly, in both BMH- and DTME-crosslinked samples with or without DTT/SDS treatment, there were other crosslinked complexes containing the α1 subunit in both SYF and SYF + c-Src cells, suggesting there were other proteins that were able to interact with the α1 subunit.Figure 6Knockout of Src kinase family reduces binding of the α1 subunit with other proteins - comparison of α1 subunit-c-Src binding pattern between SYF and SYF + c-Src cells by capillary immunoblotting: Preparation of whole cell lysate with Native-PAGE sample buffer were performed as described for BN-PAGE in the Materials and Methods. Samples (3 μg protein/sample) were electrophoresed side-by-side on the same 66--440 kDa separation module and immunoblotted with detection module. For DTT/SDS treatment, samples were heated at 60 °C for 30 min for the α1 subunit detection. Control (CTL), BMH- and DTME-crosslinked samples without DTT/SDS pretreatment of SYF cells **(a)** and SYF + c-Src cells **(b)**, or with DTT/SDS pretreatment of SYF cells **(c)** and SYF + c-Src cells **(d)**, and then immunoblotted for α1 subunit. Please note the differences of α1 pattern between SYF and SYF + c-Src cells. n = 3.

Depletion of cav-1 altered interaction pattern of the α1 subunit, but not c-Src, with other proteins {#Sec10}
----------------------------------------------------------------------------------------------------

To test the role of cav-1, cav-1-knockdown C2-9 cells were compared with the parent wild-type LLC-PK1 cells. All samples were treated with DTT/SDS since DTT/SDS treatment disrupted the possible cav-1 interaction with α1/c-Src complex in both BMH- and DTME-crosslinked samples (Fig. [3c](#Fig3){ref-type="fig"}). Like SYF cell, there were a large portion of "free" α1 monomers that were not crosslinked by BMH in C2-9 cells (Fig. [7a](#Fig7){ref-type="fig"}, upper two panels) compared with BMH-crosslinked LLC-PK1 sample. However, DTT/SDS treatment did disrupt the protein complexes formed by DTME-crosslinking in both LLC-PK1 and C2-9 cells (Fig. [7a](#Fig7){ref-type="fig"}, lower two panels), indicating that cav-1 expression level affected the interaction of the α1 subunit with other proteins. Furthermore, these results show that the interaction between the α1 and cav-1 was not likely through a Cys-Cys crosslinking interaction. When same samples were immunoblotted for c-Src, the distribution of the immunoblotting patterns were very similar in both BMH-crosslinked sample (Fig. [7b](#Fig7){ref-type="fig"}, upper two panels) and DTME-crosslinked samples (Fig. [7b](#Fig7){ref-type="fig"}, lower two panels), indicating that cav-1 expression level did not affect the interaction of c-Src with other proteins and cav-1 might not be crosslinked with c-Src under the condition. Taken together, it indicated that cav-1 knockdown reduced the crosslinking of the α1 subunit with other proteins, but did not affect the crosslinking of c-Src with other proteins.Figure 7Comparison of α1 subunit-c-Src binding pattern between LLC-PK1 and C2-9 cells by capillary immunoblotting: BMH- and DTME-crosslinked samples (3 μg protein/sample) were pretreated with DTT/SDS, electrophoresed side-by-side on the same 66--440 kDa separation module, and immunoblotted against for the α1 subunit **(a)** or c-Src **(b)**. For DTT/SDS treatment, samples were heated at 60 °C for 30 min (for the α1 subunit) or 95 °C for 5 min (for c-Src). Please note the differences of α1 and c-Src patterns between LLC-PK1 and C2-9 cells. n = 4.

Discussions {#Sec11}
===========

The choice of crosslinkers {#Sec12}
--------------------------

BMH and DTME are two cell membrane permeable crosslinkers that have reactive groups of maleimide on both ends, which can form a stable non-cleavable thioether bond between the maleimide groups and cysteine -SH groups. While the disulfide bond (--S-S-) placed in the middle of DTME's space arm renders the crosslinked proteins cleavable by reducing agents such as DTT, absence of the --S-S- bond in BMH's space arm makes it non-cleavable. This difference makes side-by-side comparison analysis possible. Another consideration of these two crosslinkers is the fact that they only crosslinks proteins through Cys-Cys interaction, which makes the crosslinking more specific.

In Model-1, the α1 subunit CD2 and ND1 segments binds to c‐Src SH2 domain and tyrosine kinase domain (KD)^[@CR4],[@CR8]^. There are 23 Cys residues in the α1 subunit (UniProtKB\# P05024_PIG), in which 2 Cys residues (Cys 209 and 247) were located in CD2 segment (aa 152--288) and 1 Cys (Cys426) was located in ND1 segment (aa 379--435). However, there is no Cys residue in the key residues of the proposed α1 caveolin-binding motif (CBM)^[@CR10]^. c-Src (UniProtKB\# K7GPR7_PIG) has 9 Cys residues, in which 3 Cys residues (Cys211, 264, and 271) were located in the SH2 domain (aa 174--271) and 6 Cys residues (Cys 303, 426, 509, 513, 522, and 524) were located in KD (aa 293--546). For cav-1 (UniProtKB\# Q6RVA9_PIG), there are 3 Cys residues (Cys 133, 143, and 156) which are located outside the caveolin scaffolding domain (aa 61--101)^[@CR43]^ that involves self-association to form high molecular homo-oligomers^[@CR39]^.

Interaction of the α1 subunit and c-Src in Na/K-ATPase signaling {#Sec13}
----------------------------------------------------------------

The binding status of the α1 and c-Src is the centerpiece of the two proposed Na/K-ATPase signaling "working" models. The Model-1 showed the direct interaction of the α1 subunit with c-Src kinase which forms a functional Na/K-ATPase/c-Src signaling receptor complex^[@CR8]^; and the Model-2 showed that c-Src transiently interacts with a stable protein complex formed between the α1 subunit and cav-1^[@CR17]^. In both models, it is agreed that cav-1, by binding to the α1 subunit, functions as an anchoring protein to concentrate the "signaling" α1 subunit and its signaling partners in caveolae structure. Another common charateristic of these two models is that c-Src activation is a proximal step in the Na/K-ATPase signaling that was initiated by interaction, either stable or transient, between the α1 subunit and c-Src.

Different experimental approaches were performed to demonstrate these two models. The Model-1 was tested based on both cell-free system and live cells with different manipulation of the partner proteins (the α1 subunit, c-Src, and cav-1). On the other hand, the Model-2 was tested in a cell-free system, with over-expressed and purified partner proteins (including recombinant human Na/K-ATPase α1β1FXYD1 or porcine α1D369Nβ1FXYD1, human Src kinase, and human cav-1) as well as isolated plasmalemma microsomes, caveolae, and right-side out vesicles from rabbit kidney outer medulla^[@CR17]^.

By applying BN-PAGE with whole cell lysate in native condition, control (with mocking crosslinking process) samples showed clear bands (the 480-band) when immunoblotted for the α1 subunit and c-Src (Fig. [3b](#Fig3){ref-type="fig"}). Both BMH- and DTME-crosslinked samples demonstrated an additional band (the 720-band) also showing the α1 subunit and c-Src (Fig. [3b](#Fig3){ref-type="fig"}). Interestingly, when immunoblotted against cav-1, control and crosslinked samples showed very similar blotting bands (the 720-band) in the same position as seen in crosslinked samples against the α1 subunit and c-Src, but not in the 480-band (Fig. [3b](#Fig3){ref-type="fig"}). Moreover, in 2D analysis, while control sample clearly showed that the α1 subunit and c-Src were from same protein complex (Fig. [4a,b](#Fig4){ref-type="fig"}), BMH-crosslinked sample showed a crosslinked α1/c-Src blotting spot with disapperance of c-Src blotting spot (Fig. [4c,d](#Fig4){ref-type="fig"}). The data demonstrated that the α1 subunit and c-Src formed a complex in the 480-band without croslinking, and a newly formed complex in the 720-band through Cys-Cys crosslinking.

In Model-1, the α1 subunit binds to c-Src through two pairs of domain biding (α1 CD2 segment with c-Src SH2 domain, and α1 ND1 segment with c-Src KD domain) under resting condition, and ouabain stimulated the release of c-Src KD from α1 ND1 segment that led to c-Src KD Tyr-418 phosphorylation (activation). In the Model-2 experiments, the Tyr-418 in purified c-Src was already phosphorylated in the isolation/purification process before binding experiments^[@CR17]^, likely leaving only one pair of possible domain binding (i.e. α1 CD2 with c-Src SH2) under the experiment condition, assuming the Model-1′s "two pairs of domain binding" is true. This c-Src Tyr-418 phosphorylation may weaken the total binding force between the α1 subunit and c-Src proposed in Model-1. However, it is unclear how Tyr-418 phosphorylation will affect the binding of c-Src KD to α1ND1 segment in this case. Furthermore, while using purified proteins as "bait" is a well-documented technique to study protein-protein interaction, the interaction of the α1 subunit and c-Src might also require other protein(s) and/or factors that are not present in cell-free systems.

What is more interesting is the comparison between SYF and SYF + c-Src cells (Fig. [6](#Fig6){ref-type="fig"}). The Src kinases-null SYF cells showed a different distribution pattern of the α1 subunit comparing with the SYF + c-Src cells. Specifically, in SYF cells, a large amount of "free" α1 subunit was present in BMH- and DTME-crosslinked samples, with or without DTT/SDS treatment (Fig. [6a,c](#Fig6){ref-type="fig"}). In contrast, in SYF + c-Src cells, there was only a small amount of "free" α1 subunit present in BMH- and DTME-crosslinked samples without DTT/SDS treatment, and there was an increase in "free" α1 subunit in DTME-crosslinked sample but not in BMH-crosslinked sample with DTT/SDS treatment. It is obvious that c-Src is a major interacting partner of the α1 subunit. The data also indicated that the α1 can be crosslinked with other protein(s) independent of c-Src, demonstrated by the α1 signal in other positions (Fig. [6a,c](#Fig6){ref-type="fig"}).

The role of cav-1 in Na/K-ATPase signaling complex {#Sec14}
--------------------------------------------------

A puzzlement of the present study is the interaction between the α1 subunit and cav-1. Cav-1 is a critical partner in Na/K-ATPase signaling^[@CR10],[@CR17],[@CR44]^ in both Model-1 and Model-2. In BN-PAGE, both control and crosslinked samples showed very similar cav-1 immunoblotting bands (the 720-band) (Fig. [3](#Fig3){ref-type="fig"}). This high cav-1 molecular position is consistent with the reports that caveolin can form high molecular mass homo-oligomers by self-association^[@CR38],[@CR39]^.

The discrepancy of the interaction between the α1 subunit and cav-1 might be generated by the detergent used in the present study. Digitonin and DDM (*n*-Dodecyl β-D-maltoside) are two mild detergents that are recommended and widely used in extraction of membrane protein complexes from the lipid bilayer without denaturation or dissociation of noncovalent protein-protein interactions^[@CR35],[@CR42],[@CR45]^ for BN-PAGE analysis. While digitonin can better preserve native, fragile complexes, a slightly harsher DDM may induce complexes into sub-complexes^[@CR45]--[@CR47]^. There are two considerations to choose DDM over digitoxin. First, DDM is a better choice than other detergents in solubilization and preservation of membrane Na/K-ATPase activity^[@CR48],[@CR49]^. Second, digitonin can inhibit Na/K-ATPase activity^[@CR50]^ that would favor the Na/K-ATPase in E2(P) state. An E2(P)-prone conformation would release the c-Src KD from α1 ND1 segment in Model-1, leading to c-Src Tyr-418 phosphorylation. As a lipid-like nonionic detergent, DDM is efficient to solubilize cav-1^[@CR40],[@CR41]^. It might also affect the binding of cav-1 with other proteins by replacing cav-1 from native lipids and/or introducing formation of sub-complexes^[@CR51]--[@CR53]^.

Since the α1 N- or C-terminal CBM only contains one Cys residue, which is not the key aromatic amino acid residue, and the Cys residues in cav-1 are outside of the caveolin scaffolding domain of cav-1^[@CR43]^, a Cys-Cys interaction is not likely involved in cav-1 binding to α1 CBM. This is supported experimentally by the observations that non-crosslinked control sample showed similar cav-1 position comparing to crosslinked samples (Fig. [3a,b](#Fig3){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}), as well as that the interactions between the α1 and cav-1 (or between c-Src and cav-1) could be broken down by DTT/SDS treatment in BMH-crosslinked sample (Fig. [3c](#Fig3){ref-type="fig"}). Furthermore, in C2-9 cells, the α1 subunit and c-Src can form signaling complexes (Fig. [3b](#Fig3){ref-type="fig"}), as seen in LLC-PK1 cells (Fig. [3a](#Fig3){ref-type="fig"}).

Comparing the parent LLC-PK1 cells with cav-1-knockdown C2-9 cells (Fig. [7](#Fig7){ref-type="fig"}), DTT/SDS-treated BMH- and DTME-crosslinked samples showed that cav-1 affected the crosslinking of the α1 subunit with other proteins (Fig. [7a](#Fig7){ref-type="fig"}) but did not affect the crosslinking of c-Src with other proteins (Fig. [7b](#Fig7){ref-type="fig"}). It is known that caveolin, through its cytosolic caveolin scaffolding domain (aa 61--101), can directly bind to c-Src to negatively regulate c-Src auto-phosphorylation at Tyr-416^[@CR43]^. Moreover, binding of caveolin to c-Src SH2 domain can phosphorylate caveolin at Tyr-14 which is outside caveolin scaffolding domain, and increase membrane association of activated c-Src^[@CR53],[@CR54]^. In Model-2, Tyr-418 phosphorylation in purified c-Src^[@CR17]^ suggested a dissociation of c-Src from caveolin. While auto-phosphorylation of c-Src could be regulated directly by c-Src-caveolin binding, our present data suggested that cav-1 does not directly interact with c-Src through a Cys-Cys mechanism under the experimental condition. Rather, binding of cav-1 to the α1 subunit anchors the Na/K-ATPase signaling complex within caveolae structure that is capable of concentrating signaling molecules such as c-Src^[@CR55]^. Disruption of the caveolae structure by cav-1-knockdown moves the α1 subunit (and its signaling complex) out of the caveolae structure, thus disrupts/reduces α1/c-Src binding and leads to blocking of Na/K-ATPase signaling function^[@CR16]^. This is also supported by the fact that Mβ-CD treatment increased Na/K-ATPase ion-transport activity in LLC-PK1 cells but not in C2-9 cells (Fig. [1](#Fig1){ref-type="fig"}). Considering that DDM might dissociate cav-1/caveolae from the α1/c-Src complex under present experimental settings, it could not exclude a direct interaction between cav-1 and the α1 subunit CBM, and/or between cav-1 and c-Src SH2 domain.

It was well-documented that other factors, like oxidative modification, are able to regulate the activity and signaling of the Na/K-ATPase, such as glutathionylation of Cys residue(s) of the α1 and β1 subunits^[@CR56],[@CR57]^ as well as carbonylation modification of Pro224 residue of the α1 subunit^[@CR58],[@CR59]^, which favored binding between the α1 subunit with c-Src. There is no doubt that the dynamic conformational change between E1(P) and E2(P) status, caused by any factor, would affect the binding status between the α1 subunit with c-Src. More interestingly, thiol modification also regulates the interaction between c-Src and α1 subunit. In the α1 subunit, substitution of Cys244 with alanine does not affect ouabain- and hypoxia-driven regulation of Src activity, but Сys 458 and 459 form the interaction interface between the α1 subunit and Src kinase and binding of glutathione to Сys 458 and 459 disrupts the interaction, suggesting that the Cys 458 and Cys459 is critical for the signaling activity of the Na/K-ATPase^[@CR60]^. Since both crosslinkers (BMH and DTME) induce Cys-Cys crosslinking, it is highly possible that the Cys residues (Cys 244, 458, and 459) are also involved in the crosslinking reaction.

In summary, in live LLC-PK1 cells, the α1 subunit and c-Src form a protein-protein complex in native, non-crosslinked control condition. A Cys-Cys crosslinking approach demonstrated that there were interactions between the α1 subunit and c-Src, and between the α1 subunit and cav-1. While depletion of c-Src or cav-1 clearly reduced the involvement of the α1 subunit in the crosslinked protein complexes, depletion of cav-1 did not affect the interaction of c-Src with other proteins. Furthermore, capillary immunoblotting analysis showed multiple complexes with immuno-reactivity with the α1 subunit, c-Src, and cav-1, indicating the existence of multiple protein complexes containing different protein components. This may include, but not limited to, the reported interactions between the α1 subunit with other proteins such as adducin^[@CR61]^, ankyrin^[@CR62]^, FXYD proteins^[@CR63]^, PI-3K^[@CR64]^, 14--3--3 protein^[@CR65]^, adaptor protein 1^[@CR66]^, and Bcl-2^[@CR67]^.

A disadvantage of using live cells and whole cell lysates is that it is not as clean as using overexpressed/purified recombinant proteins for protein-protein interaction studies, but with an obvious advantage of real cellular environment that reflects the real protein-protein interactions. Further studies in live cells with high resolution/separation method, under native condition, are needed to explore the components of different protein complexes and their functionalities.

Materials and Methods {#Sec15}
=====================

Chemicals, antibodies, and gel electrophoresis supplies {#Sec16}
-------------------------------------------------------

All chemicals, except otherwise mentioned, were obtained from Sigma-Aldrich (St. Louis, MO). Monoclonal antibody against Na/K-ATPase α1 subunit (clone C464.6, Cat\# 05-369) was from EMD Millipore Upstate (Billerica, MA). Monoclonal antibody against total c-Src (clone B-12, Cat\# sc-8056) and HRP-conjugated secondary antibodies were from Santa Cruz (Santa Cruz, CA). Polyclonal antibodies against caveolin-1 (Cat\# ab2910 for BN-PAGE immunoblotting and Cat\#18199 for capillary immunoblotting) were from Abcam (Cambridge, MA).

Non-cleavable crosslinker BMH (bismaleimidohexane, Cat\# 22330), cleavable crosslinker DTME (dithiobismaleimidoethane, Cat\# 22335), and Halt Protease and Phosphatase Inhibitor Single-Use Cocktail (100X) were from ThermoFisher Scientific Pierce (Rockford, IL).

Novex 3--12% NativePAGE Bis-Tris gel, Novex Tris-Glycine gel (1.0 mm × 2D well), NativePAGE sample prep kit, NativeMark unstained protein standard, NativePAGE running buffer, NativePAGE cathode buffer additive, NuPAGE transfer buffer, and dithiothreitol (DTT) were from ThermoFisher Scientific Invitrogen (Calsbad, CA).

Cell culture {#Sec17}
------------

Porcine renal proximal tubule LLC-PK1 cells (Cat\# CL-101), triple Src kinase (c-Src, Yes, Fyn)-null mouse fibroblasts SYF cells (Cat\# CRL-2459), and c-Src rescued SYF cells, SYF + c-Src cells (Cat\# CRL-2498) were from ATCC (Manassas, VA). Cav-1-knockdown C2-9 cells were generated from LLC-PK1 cells^[@CR16]^. The cells were cultured with DMEM (Dulbecco's modified Eagle's medium) with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin, in a 5% CO~2~-humidified incubator. Culture medium was changed daily until confluence. Cells were serum-starved for 16--18 h before treatment.

^86^Rb^+^ uptake assay {#Sec18}
----------------------

To evaluate the ion-transport activity of the Na/K‐ATPase, ouabain-sensitive ^86^Rb^+^ uptake assay was performed as previously described^[@CR65]^. Briefly, to assess the effect of Mβ-CD, cells were pretreated with or without 10 mM Mβ-CD for 30 min at 37 °C. Prior to the initiation of ^86^Rb^+^ uptake, cellular Na^+^ was "clamped" with 20 μM monensin for 15 min to assure the measurement of maximal capacity of total active ^86^Rb^+^ uptake and to minimize the potential effect of changes in intracellular Na^+^. The assay was stopped 30 min after adding ^86^Rb^+^ (≈1 μCi/mL medium) by washing 3 times with ice‐cold 100 mM MgCl~2~ solution. In parallel, ouabain‐insensitive ^86^Rb^+^ uptake (cells were pretreated with 5 mM ouabain for 15 min) was measured in the presence of monensin. Ouabain‐sensitive ^86^Rb^+^ uptake was calculated by subtraction of ouabain‐insensitive ^86^Rb^+^ uptake from total ^86^Rb^+^ uptake, and then normalized by protein amount.

Intracellular ATP level assay {#Sec19}
-----------------------------

ATP concentration was determined by CellTiter-Glo® Luminescent Cell Viability Assay Kit (Cat\# G7570, Promega, Madison, WI) according to the manufacturer's instruction. ATP concentrations were calculated by ATP concentration standard curve with ATP disodium salt (Cat\# tlrl-atpl, InvivoGen, San Diego, CA) which was performed on the same plate. Cells were rinsed twice with culture medium to eliminate floating dead cells.

Cell surface biotinylation assay {#Sec20}
--------------------------------

Cell surface biotinylation study was performed as we previously described^[@CR68]^. EZ-Link Sulfo-NHS-SS-Biotin (Cat\# 21331) and Streptavidin Agarose beads (Cat\# 20353) were obtained from ThermoFisher Scientific.

Protein carbonylation assay {#Sec21}
---------------------------

Protein carbonylation study was performed as we previously described^[@CR58]^.

Protein crosslinking procedure in live cells {#Sec22}
--------------------------------------------

Crosslinking reaction was performed at room temperature, according to manufacturer's instruction. Briefly, cells were rinsed 3x with 1X PBS buffer (with 1 mM EDTA). Freshly prepared BMH or DTME in DMSO (20 mM) were diluted to final concentration of 200 µM with 1X PBS buffer (with 1 mM EDTA). The cells were incubated with or without BMH or DTME for 60 min at room temperature in dark. The unreacted crosslinker were removed by rinsing the cells 3x with 1X PBS buffer. Cell pellets were put on ice and processed for whole cell lysate immediately.

Whole cell lysate preparation for BN-PAGE {#Sec23}
-----------------------------------------

To prepare whole cell lysate under native condition for BN-PAGE, 1X NativePAGE sample buffer (with 2% DDM, n-dodecyl-β-D-maltoside; and Halt Protease and Phosphatase Inhibitor Cocktail) was added to cell pellets. After mixed by gently pipetting up and down for 8 times, the mixture was sit on ice for 30 min, and then centrifuged at 20,000 × g for 30 min at 4 °C. The supernatants were transferred/aliquotted to new tubes and stored in −80 °C until use. The sample protein concentration was determined by BCA protein assay kit (Bio-Rad).

BN-PAGE analysis {#Sec24}
----------------

Immediately prior to sample loading, the NativePAGE 5% G-250 sample additive was added to samples (at 1/4^th^ of detergent DDM concentration) and mixed. Electrophoresis was conducted according to manufacturer's instruction, depending on following immunoblotting or gel staining.

BN-PAGE/SDS-PAGE two-dimensional (2d) gel electrophoresis {#Sec25}
---------------------------------------------------------

To further separate protein components from Na/K-ATPase signaling complexes, a 2D (BN-PAGE as the first-dimension and SDS-PAGE as the second-dimension) gel electrophoresis approach was performed to identify proteins of interest (the Na/K-ATPase α1 subunit, c-Src, and cav-1). For each sample, two aliquots (with same amount of total proteins) were prepared separately. One aliquot was left aside on ice to keep protein complexes intact, and the other aliquot was mixed with DTT (final 100 mM) and SDS (final 1%, v/v) and incubated at 95 °C for 5 min to disrupt disulfide bond and negatively charge proteins. Briefly, the two sample aliquots (non-DTT/SDS-pretreated and DTT/SDS-pretreated) were first run on BN-PAGE (3--12% Bis-Tris gel) to separate protein complexes and proteins, and the whole lane slices were excised from the BN-PAGE gel. Before the second-dimensional SDS-PAGE, the whole lane slices were incubated for 10 min at room temperature in a SDS sample buffer (Tris 12.5 mM, SDS 4%, glycerol 20%, and bromophenol blue 0.02%)^[@CR37]^, heated briefly in microwave (3X, 5 second each, depends on microwave power, avoid buffer boiling), and then incubated in the same SDS sample buffer for 15 min at room temperature. Each whole lane slice was loaded onto the 2D well of a Tris-Glycine gel, and electrophoresis was performed using standard SDS-PAGE protocol.

Western blot with BN-PAGE and 2D-gel electrophoresis {#Sec26}
----------------------------------------------------

For 1D BN-PAGE gels, proteins were transferred to Immobilon-P PVDF membrane (0.45 µm pore, EMD Millipore) with 1x NuPAGE transfer buffer, and then fixed proteins to PVDF membrane by incubating the PVDF membrane with 8% acetic acid (vol/vol) for 15 min at room temperature. For second-dimensional SDS-PAGE gels, proteins were transferred to PVDF membrane using standard protocol. For Western blot analysis, membranes were immunoblotted with indicated antibodies. Both primary and secondary antibodies were diluted with 5% non-fat milk in TBS-T (anti-α1 antibody, 1:2,000; anti-c-Src antibody, 1:500; anti-cav-1 antibody, 1:2,000; anti-mouse or rabbit secondary antibodies, 1:1000). Signal detection was performed with an enhanced chemiluminescence SuperSignal kit (Pierce) and FluorChem M detection system (ProteinSimple, San Jose, CA). Multiple exposures were analyzed to assure that the signals were within the range of the system. For BN-PAGE and BN-PAGE/SDS-PAGE 2D immunoblotting analysis (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}; please see original blotting images in Supplementary Information Figs. [S1](#MOESM1){ref-type="media"} and [S2](#MOESM1){ref-type="media"}), the blot images with red background were converted to 256-gray color and negative mode, and the brightness and contrast of blots were slightly adjusted with FIJI Image J 1.51u. This aims to show clearer immunoblotting bands, since BN-PAGE immunoblotting usually show "smear" and/or weaker ECL signals with whole cell lysates prepared under native condition. For all images, any adjustment was applied equally across the entire image including controls.

Mass spectrometer method {#Sec27}
------------------------

The gels were stained with Colloidal Coomassie dye G-250 based GelCode Blue stain reagent (ThermoFisher Scientific), according to the manufacture's instruction. Briefly, the gels were fix in a fixing solution (50% ethanol, 40% double-distilled dd-H~2~O, and 10% acetic acid) for 1 h at room temperature, and then rehydrated with dd-H~2~O by 4 changes of dd-H~2~O, 30 min per change. The gels were then stained with GelCode Blue for at least 2 h, and de-stained in dd-H~2~O to enhance stain sensitivity until a desired clear background. The interested bands were processed for mass spectrometry analysis. After 1D BN-PAGE and GelCode Blue staining, two bands (the 720-band and 480-band), corresponding to the positive immune-reactivity for the α1 subunit, c-Src, and cav-1, were reduced, alkylated, and digested with trypsin. The extracted peptides were resolved on a nano column packed with 1.9um AQ C18 resin with 2-hour gradient run with Easy nLC 1200 UHPLC system (Thermo Scientific) and directly introduced into Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) using Flex nano spray ion source (Thermo Scientific). Flow rate was set at 300ul/min and column was heated at 45′C. All LC-MS/MS Tandem mass spectra were searched against porcine protein database (uniprot_sus_scrofa_pig_reviewed_04222019.fasta) assuming trypsin digestion by Byonic (Protein Metrics, San Carlos, CA; version ByonicNode in Proteome Discoverer 2.2.0.388) and Sequest (Thermo Fisher, San Jose, CA; version IseNode in Proteome Discoverer 2.2.0.388). Fragment ion mass tolerance and parent ion tolerance were set to 0.40 Da and 10.0 ppm (Monoisotopic), respectively. Scaffold (version Scaffold_4.8.9, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were positively established with more than 95.0% probability by the Scaffold Local FDR, Protein identifications were positively established with more than 99.0% probability and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm^[@CR69]^.

Capillary-based immunoblotting analysis with wes system {#Sec28}
-------------------------------------------------------

After treatment with or without BMH or DTME, whole cell lysates were prepared with 1X NativePAGE sample buffer with Halt Protease and Phosphatase Inhibitor. After treatment with or without DTT/SDS, samples were separated in 66--440 kDa separation modules (Cat\# SM-W008), immunoblotted with indicated primary antibodies, and then detected with anti-mouse or anti-rabbit detection modules (Cat\# DM-001 and DM-002, using Wes system (ProteinSimple) according to manufacturer's instruction. Primary antibodies were prepared with the antibody diluent provided in the detection module kit (anti-α1 antibody, 1:100; anti-c-Src antibody, 1:50; anti-cav-1 antibody, 1:50). The brightness and contrast of blots were slightly adjusted with Compass for SW software for Wes system (ProteinSimple). Please note that any adjustment does not change the spectrum of signals as shown in Figs. [2](#Fig2){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, and [7](#Fig7){ref-type="fig"}. One of the advantages of this system is that it can handle 24 samples (except protein ladder) in one 25-capillary cartridge for comparison with better separation range and resolution than traditional SDS-PAGE.

To compare the patterns of control, BMH- and DTME-crosslinked samples, two aliquots of each samples were treated without or with DTT (final concentration 40 mM) and SDS (final concentration 1%, v/v), at 60 °C for 30 min for the α1 subunit or 95 °C for 5 min for c-Src and cav-1.

Statistical analysis {#Sec29}
--------------------

Data of ^86^Rb^+^ uptake assay, cell surface biotinylation, and protein carbonylation were tested for normality and then subjected to parametric analysis. GraphPad Prizm 8.0 (GraphPad Software, Inc; San Diego, CA) was used. Statistical significance was reported at the *P* \< 0.05 and *P* \< 0.01 levels. Values are given as MEAN ± SD.
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